Several pre-and intraoperative brain mapping modalities have been developed to maximize resection of pathological tissue and minimize iatrogenic damage during neurosurgical resection. These include ECSM, 47 fMR imaging, 28, 45 SSEPs, 43 iMR imaging, 52 and OIS. 24, 56 Each provides slightly different information regarding the functional architecture of the brain and has advantages and drawbacks. In this review we focus on the potential contribution of iOIS to the clinical setting.
INTRAOPERATIVE INTRINSIC OPTICAL SIGNAL MAPPING

Sources of Intrinsic Optical Signals
Instead of measuring neuronal activity directly, OIS maps the brain by detecting perfusion-related and metabolic signals that are coupled to neuronal activity, including hemoglobin concentration and oxygenation changes, cytochrome oxidation changes, and light scattering caused by altered blood volume, blood flow, and cell swelling. 16, 19, 32, 39, 42, 57 Because of differences in molecular spectra, distinct spatiotemporal maps are observed at different wavelengths ( Figs. 1 and 2) . 26, 42 For example, imaging at 610 nm emphasizes deoxyhemoglobin concentration changes; the absorbance of oxyhemoglobin is negligible compared with that of deoxyhemoglobin at 610 nm ( Fig. 1) . 42 Consistent with blood oxygen level-dependent fMR imaging, 27, 30, 60 dye, 57 and optical spectroscopy studies, 32, 37, 42 610 -nm optical signals demonstrate an initial focal increase in deoxyhemoglobin followed by a global decrease in deoxyhemoglobin (Fig. 2) . In contrast, OIS at 850 nm correlates well with changes in cerebral blood volume (measured using intravascular dyes) (Fig.  2) . 5, 39, 44 Imaging at wavelengths sensitive to oxygen extraction (600-630 nm) is thought to produce maps that are more highly spatially correlated with underlying neuronal activity than those that emphasize blood volume changes (850 nm). 16, 20, 26, 57 This may be because fast changes in oxidative metabolism are more tightly coupled to electrical activity than the more delayed perfusion-related responses. 57 The 610-nm signals have also been shown to offer the greatest SNR 26 and, when focused 2 mm beneath the cortical surface, least emphasize blood vessel artifacts. 26 Thus far, activity-related reflectance changes have successfully been observed in humans at 610 nm 5, 7, 50, 56 and when using a 695-nm-long pass filter. 24 
Mapping Methodology
Optical maps are generated by comparing pictures of the cortex at rest with those taken during an activity. Intraoperative OIS in humans is performed following craniotomy and dural reflection. The CCD camera, which is used to detect small optical changes (0.5-5%) is mounted onto the operating microscope for imaging. The cortex is epi-illuminated with white light, and the reflected light from the cortex is band-pass filtered and captured by the CCD camera (Fig. 3) . Circular polarizing and heat filters are placed beneath the main objective of the operating microscope to reduce glare artifacts from the cortical surface. Pixel-by-pixel ratios are calculated for each image ([image Ϫ control]/control) by using the first image in each trial as a control. Methodological details have been provided in previous publications. [5] [6] [7] [8] 50, 56 To increase the SNR, multiple trials of the same task are averaged (typically four-eight trials). In general, maps of multiple tasks can be generated within 20 minutes. At UCLA, we have attempted and successfully imaged 41 cases (13 language mapping, 25 sensorimotor mapping, and three both; 11 vascular malformations, and 30 tumors). Because iOIS requires craniotomy and dural reflection, only those indi-N. Pouratian, et al. Fig. 1 . Graph. Different physiological responses can be emphasized by imaging at different wavelengths. The absorption curves for oxy-and deoxyhemoglobin are displayed to highlight how imaging at different wavelengths may emphasize different phenomena. For example, imaging at 550 and 570 nm emphasize changes in total hemoglobin because at these wavelengths the absorption of the two major moieties of hemoglobin are equal. On other imaging in the 600-to 630-nm range, oxyhemoglobin absorption is negligible compared with that of deoxyhemoglobin. Consequently, these wavelengths are believed to represent changes in deoxyhemoglobin and oxygen extraction. At longer wavelengths, at which both hemoglobin moieties have negligible absorbance, light-scattering effects predominate. Light scattering is believed to be due to cellular swelling, changes in blood volume and blood flow, and many other unknown phenomena. Circles at bottom of graph represent light scattering occurring at all wavelengths, but its impact on the optical signal only becomes significant at longer wavelengths at which the hemoglobin moieties do not absorb a significant amount of light.
viduals with clinical indications for such a procedure can undergo imaging. Patient selection is largely biased by the location of disease and craniotomy size. Presurgical informed consent was obtained, and experiments were conducted in accordance with the UCLA Human Subjects Protections Committee guidelines.
Cortical movement due to the cardiac and respiratory cycles is a significant source of noise during imaging, especially during awake mapping procedures in which the anesthesiologist cannot directly control the individual's respirations. Strategies to minimize these sources of noise include performing the procedure through a glass plate that lies atop and immobilizes the cortex, 24 synchronizing image acquisition with respiration and heart rate, 56 and using postacquisition image registration. 7, 24, 50 (Methodological details are provided in the corresponding references.) Postacquisition image registration in which the Automated Image Registration 59 system is used is the preferred method used at UCLA because it effectively compensates for cortical movement, minimizes the need to interface with operating room monitors, (which is necessary for synchronization with pulse and respiration), and precludes the need for direct cortical contact (as with a glass plate).
Vascular artifacts also often plague iOIS maps. Focusing below the cortical surface (on optical changes that occur only in deeper cortical layers) minimizes this artifact when the area being imaged is beneath or near large draining veins. 26 Another strategy to reduce vascular artifacts is to average only images obtained shortly after stimulus onset (within 1.5 seconds), a period of rapid oxygen consumption prior to onset of vascular signals. 13 Other strategies have also been suggested. 12, 36 Clinical iOIS systems are not commercially available. System development largely resembles the setup for experimentation in animals setup and requires purchase of a camera, camera controller, personal computer, and software to control image acquisition and analysis. Intraop-
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Clinical use of intraoperative optical imaging 3 Fig. 2 . Typical optical signals in a rodent model Optical responses demonstrate different spatial/temporal patterns depending on wavelength of imaging. Optical responses to a 2-second C-1 whisker stimulation over the rodent somatosensory cortex are displayed at 550, 610, and 850 nm. The value 550 nm is an isobestic point of absorption for oxy-and deoxyhemoglobin. Therefore, optical responses at this wavelength are believed to emphasize changes in total hemoglobin. The response at 550 nm is typically high intensity and monophasic. Occasionally, following the decrease in reflectance, an increase in reflectance may be observed overlying the arterial vessels. The monophasic time course is shown in the graph at the bottom of the figure. Overlying on the 0-second image is a schematic representation of the rodent somatosensory barrel cortex for comparison. At 610 nm, oxyhemoglobin absorption is negligible compared with that of deoxyhemoglobin. Responses at this wavelength are therefore believed to represent changes in deoxyhemoglobin. Following stimulation, there is initially a focal increase in absorption (at 1 second, interpreted as an increase in deoxyhemoglobin) followed by a more wide-spread decrease in absorption (3.5-6.5 seconds, interpreted as a decrease in deoxyhemoglobin concentration). The second phase is related to the blood oxygen level-dependent fMR imaging signal. The biphasic time course of optical responses at 610 nm is shown in the graph at the bottom of the figure. At 850 nm, neither isoform of hemoglobin absorbs much light. The signal is instead believed to originate from light scattering due to blood volume changes. This signal, like that at 550 nm, is monophasic but significantly less intense. The monophasic temporal profile is highlighted by the monophasic graph shown for 850 nm at the bottom of the figure. Time courses were calculated by determining the mean reflectance change within a statistically defined region of interest, using methods described by Blood, et al. Time courses were normalized to one for comparison purposes. The height of the graphs, therefore, does not reflect the magnitude of the reflectance changes. Rather, the graphs have been shown to demonstrate the overall temporal profile. The optical signals and time courses were derived from averaging 12 trials in a single animal. A = anterior; L = Lateral; Stim = stimulation. erative OIS implementation does not require significant operating room modification, except for mounting the camera onto the operating microscope.
Optical Mapping in Animal Models
Optical imaging of intrinsic signals has been used extensively to study the physiology and pathophysiology of the brain in animal models. [2] [3] [4] 10, 13, 14, 16, 17, 20, 34, 39, 42, 44, 49 In these studies investigators have established the credibility of this modality and demonstrated its versatility and potential applications. Highlighting the superior resolution of OIS, Bonhoeffer and Grinvald 4 have characterized radial orientation columns in the cat visual cortex, one of the basic units of visual cortex organization. Optical imaging of intrinsic signals has also been used to study dynamic functional brain architecture in studies of experience-dependent plasticity (rodent somatosensory cortex 49 and cat auditory cortex 15 ). The results of animal studies have consistently confirmed the specificity of optical maps. In rodents, optical responses to whisker stimulation colocalize with the appropriate cytochrome oxidase-stained barrel in the contralateral somatosensory cortex. 2, 34 Maximum optical responses also colocalize with cortical areas with maximum field potentials, 40, 41 and the most single-unit activity. 26, 34 Recently, OIS has been used to study the pathophysiology of the brain in vivo, hinting at possible applications of this technology in humans. In recent reports, for example, authors have demonstrated the use of OIS for mapping seizure propagation in the cortex 10 and for identifying epileptogenic foci. 53 A triphasic response to cortical spreading depression, which had previously not been observed, has also been characterized using optical imaging. 44 
Intraoperative Optical Imaging of Intrinsic Signals in Humans
The first optical signals in humans were observed during afterdischarge activity, in motor cortex during tongue movement, and in both Broca and Wernicke areas during visual object-naming exercises. 24 Optical responses in humans are temporally similar to those observed in animal models; they appear within 1 second, peak between 3 and 4 seconds, and disappear by 9 seconds (Fig. 4) . 6, 56 The similar temporal profiles suggests that similar phenomena are being imaged across species. Consistent with this assertion, Cannestra, et al., 5 have demonstrated that OISdocumented hemodynamic refractory periods originally observed in rodents were also observable in humans.
In good agreement with animal study findings, all optical studies in humans to date indicate that the observed reflectance changes are spatially correlated with SSEP data and ECSM (methodological details for SSEP and ECSM have been provided in previous publications). Decreases in stimulus-related cortical reflectance at 610 nm during median and ulnar nerve stimulation colocalize with the largest SSEPs in both sensory and motor cortices. 56 Perhaps more importantly, optical maps also colocalize with the gold standard of intraoperative cortical mapping, ECSM (Figs. 5, and 6B and D). 7, 24, 50 Areas that are identified by ECSM as essential for a specific task consistently demonstrate optical activity. 5, 7, 24, 50 In addition, the optical signals "spread" to some areas (approximately 25%) deemed inactive by ECSM. Spread has also been observed in the rodent somatosensory cortex in response to whisker stimulation. 11, 18, 33 In humans, spread may occur in part, because iOIS detects both essential and secondary (that is, active but not necessary for completion of task) cortices whereas ECSM only detects essential areas. Spread may also be related to imprecise physiological coupling of neuronal activity, metabolism, and perfusion. The sensitivity, specificity, false-positive, and -negative rates of iOIS relative to ECSM have not been fully quantified. 51 Such qualification will be important before iOIS is implemented in a clinical setting.
Intraoperative OIS studies indicate that optical maps not only colocalize with electrically active cortex but are N. Pouratian, et al. 4 Neurosurg. Focus / Volume 13 / October, 2002 also task specific. Haglund and colleagues 24 originally demonstrated task specificity across cortices, demonstrating that tongue movement and naming tasks activated distinct gyri. Subsequently, Toga, et al., 56 demonstrated that median and ulnar nerve stimulation produced distinct maps within the same gyrus. 56 Distinct maps of face, thumb, and index and middle fingers have also been obtained within the same gyrus. 5 Although the borders of these maps overlapped, the areas of maximum optical changes were distinct for each activation paradigm.
Task specificity has also been observed in language cortices (Broca and Wernicke areas). Intraoperative OIS was used to identify subregions of Broca and Wernicke areas by identifying different patterns of activation in each region during different language performance tasks. 7 We have demonstrated the activation of distinct regions of the superior and middle temporal gyri and supramarginal gyrus depending on the language used in a bilingual patient. 50 
Potential Advantage of Intraoperative Mapping
Apropos, disruption-based mapping modalities, which map the brain by disrupting tissue, seem preferable because physicians are ultimately interested in the effects of lesioning tissues. As such, ECSM is the current gold standard for intraoperative mapping because cortical stimulation is thought to induce temporary, reversible lesions that mimic resection. The interpretation of ECSM, however, is complicated because cortical stimulation may disrupt remote cortices via stimulation of neuronal projections. 48, 58 Although the notion of ECSM activating distant sites is debatable, 46 additional information may nevertheless be helpful in interpreting the functional maps produced by ECSM. Activation-based techniques, such as iOIS, can help create a clearer picture of the underlying functional anatomy by indicating locally active cortices.
Intraoperative OIS also offers greater spatial resolution than ECSM. Resection within 1 cm of essential areas identified by ECSM increases the likelihood of postoperative deficits. 21 This resolution does not always allow maximum resection of pathological tissue. On the other hand, iOIS offers resolution as high as 50 to 100 m, potentially providing a more detailed functional map of the exposed cortex.
Intraoperative OIS also allows a more rapid assessment of large areas of cortex than ECSM. This is particularly important when mapping multiple functions. In some cases it may be important to assess cortical activity during multiple tasks (that is, different language tasks) to plan effectively a resection that conserves function. Electrocortical stimulation mapping can be time consuming because it requires the testing of several sites, at different current levels, during numerous tasks. Because of the rapid mapping available by iOIS, combining iOIS with ECSM could potentially decrease the total time of intraoperative mapping (as opposed to only using ECSM) if one wishes to map several functions.
The fact that essential areas, as identified by ECSM, consistently demonstrate optical activity indicates that iOIS maps offer a relatively high sensitivity; this suggests that tissues not demonstrated to be active on iOIS can probably be resected without affecting a patient's ability to perform the task mapped. As noted previously, however, iOIS is associated with a significant rate of producing false-positive results (likely representing secondary, or nonessential, cortices). Therefore, iOIS should not be expected to replace ECSM. Rather, it should be used
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Clinical use of intraoperative optical imaging The ECSM image demonstrated several essential language cortices surrounding the AVM. Singledigit numbers indicate areas that, when stimulated, caused involuntary motor movements. Double-digit numbers indicate essential language sites all along the anterior margin of the AVM. Afterdischarge activity was continuously monitored throughout ECSM, and trials were excluded if it was observed. An unusually large number of language sites were identified anterior to the AVM but were confirmed to cause linguistic errors without inducing afterdischarges at least three times in each location. The box superimposed on the schematic brain demonstrates the area being shown. C: The iOIS images are overlayed onto ECSM maps from B, demonstrating excellent spatial correlation for a reading task with the essential language sites (as identified by ECSM, double-digit numbers). We are regularly able to produce optical maps adjacent to vascular lesions even though blood flow patterns are aberrant in such patients. This is consistent with other reports of perfusion-related mapping signals in such populations. Furthermore, notice that activity-related optical changes are specific and not observed over the entire imaged region. The yellow color indicates no activity-related changes and is evident over the AVM and inferior and anterior to the activated gyri. Based on these results, it was decided that the Broca area was too intimately involved with the AVM. Instead, the patient underwent radiosurgery. Color bar indicates percentage of reflectance increase at 610 nm. Black bar indicates 1 cm.
in conjunction with it to enhance cortical function assessments. Additional studies need to be conducted to quantify precisely the sensitivity and specificity of this modality.
Although we focus this review on intrinsic signals, imaging of dye-related signals is also possible. Dyes have been used in animal studies to enhance optical signals and to obtain a better understanding of the origin of intrinsic signals. 22, 41, 55, 57 Haglund and colleagues 22 first demonstrated that optical imaging of an intravenously injected dye in rodents demonstrates intracranial tumors with high accuracy. Subsequently, Stummer, et al., 55 showed that preoperative injection of a precursor of fluorescent porphyrin (5-aminolevulinic acid) could be used to identify malignant gliomas with 85% sensitivity and 100% specificity. In this case, a dye was not injected but instead a precursor of a fluorescent molecules, which accumulates in malignant tissue, was injected preoperatively and intraoperatively detected using special optics.
Whether imaging intrinsic or dye signals, a particular advantage of intraoperative imaging is that "brain shift" or the herniation and/or collapse of the brain following craniotomy and dural reflection, 35 is intrinsically accounted for. These geometrical changes occurring intraoperatively complicate the use of preoperative functional mapping (for example, fMR imaging and PET) for intraoperative guidance. This is clearly not a problem if maps are produced intraoperatively after craniotomy and dural reflection, as is done with iOIS.
The iOIS setup does not require major modification to neurosurgical techniques or operating rooms. Furthermore, iOIS does not perturb the brain during surgery. Because iOIS only detects changes in light reflectance, it does not affect normal tissue. N. Pouratian, et al. 6 Neurosurg. Focus / Volume 13 / October, 2002 
Limitations of Intraoperative Optical Mapping
The major limitation of iOIS stems from the fact that the signal does not directly arise from neuronal activity. It has long been assumed that neurovascular and neurometabolic coupling are tight. Although several studies have demonstrated high spatial correlation, 7, 26, 34, 40, 41, 50, 56, 57 the consistency of this coupling across cortices and pathophysiologies remains to be elucidated.
The question of how robust neurovascular coupling is under different pathophysiological conditions becomes especially important in the treatment and mapping of patients with vascular pathologicalentities, such as AVMs. The authors of several studies, however, have found that perfusion-related mapping signals can be detected directly adjacent to AVMs and can therefore be used reliably to predict essential language sites identified by ECSM. 1, 29, 31 Nevertheless, the interpretation of results in these patients should still be approached cautiously.
Spread of optical signals inevitably produces false-positive areas on iOIS maps. If iOIS were performed as the only mapping modality, false-positive results would prevent maximum resection of pathological and nonessential tissue. Therefore, iOIS will never replace ECSM, but it may play a role in conjunction with ECSM and other functional mapping techniques. Intraoperative OIS can be used initially to map the cortex of interest rapidly and with high spatial resolution. Those areas found to demonstrate optical activity can then be verified by ECSM.
Another potential confounding factor of iOIS is its limited SNR, which has been the most significant obstacle when in obtaining optical maps in humans. During language mapping, typical SNR values range between 5:1 to 9:1 (magnitude of signal/standard deviation of signal at rest) when using only postacquisition image registration (without a glass plate or synchronization with physiological parameters) and averaging four trials. The limited SNR is largely due to patient head motion as they overtly response to language-testing questions as well as cortical movement due to the cardiac and respiratory cycle. The SNR can be improved by increasing the number of activation blocks that are averaged, reducing cortical movements by using a glass plate, 24 or synchronizing image acquisition with respiration and pulse (when not performing language-function imaging). 56 The benefits of acquiring increased numbers of activation blocks must be balanced with decreased mapping durations.
Unlike fMR imaging and PET, which are tomographic techniques and therefore offer three-dimensional maps of activity, iOIS produces surface maps. The depth of optical maps is limited by the penetration of a particular wavelength of light into the cortex. Although longer wavelengths can penetrate deeper, the deepest that one can expect to image is on the order of 1 mm.
ILLUSTRATIVE CASE
This 46-year-old woman developed a sudden headache associated with a sense of pressure within her head. Several cranial neuroimaging studies (computerized tomography, MR imaging, MR angiography, and PET) demonstrated a 1.5-cm lesion in the left temporal lobe, presumed to be a vascular malformation (after ruling out other pathological entities). Resection of the lesion was recommended if it could be performed without interfering with the critically important adjacent language cortex.
To assess language localization, the patient underwent preoperative fMR imaging and cerebral super-selective angiography (with Amytal). Functional MR imaging maps of sentence comprehension involving a relatively liberal threshold (correlation coefficient 0.3 corresponding to p Ͻ 0.01) demonstrated possible language function near the lesion (Fig. 6A) . A liberal threshold was used to detect any possible activity adjacent to the lesion. Likewise, super-selective Amytal testing demonstrated comprehension areas near the lesion. Intraoperatively, ECSM identified four cortical sites that consistently disrupted auditory responsive naming when stimulated; these sites were labeled with a number (Fig. 6B) . Other sites were deemed nonessential and labeled with blank tags. One of the blank sites (indicated by the probe in Fig. 6B) , however, was questionable, causing linguistic errors in three of eight trials.
Intraoperative OIS was conducted using an auditory responsive naming task, blind of ECSM results (Fig. 6E ). This modality identified several identical areas as ECSM as being involved in language ( Fig. 6B and E) . Intraoperative OIS, however, demonstrated a higher spatial resolution with a more complex pattern of activity, indicating precisely which areas within each region were active. It also clarified the aforementioned questionable ECSM result. Intraoperative OIS revealed that only the periphery of this gyrus was active during auditory responsive naming (Fig. 6E and F) . Most likely, ECSM interrupted language function sporadically at this site because of modality's imprecise nature and because only the gyral margin was required for the task. The other smaller areas of iOIS activity likely represent secondary cortices or small areas of cortex that ECSM could not identify because of its poor spatial resolution. The resection did not overlap with any of the areas that demonstrated significant optical activity (Fig. 6E) . Postoperatively, the patient did not experience any language or neurological deficits.
CONCLUSIONS
Although iOIS has only been used for research purposes, it has significant potential as a clinical mapping tool. Although it cannot replace ECSM, it may, if used in conjunction with ECSM, decrease intraoperative mapping time, provide high spatial resolution cortical maps, and allow mapping of multiple tasks. Ultimately, iOIS may provide additional intraoperative information otherwise unobtainable and potentially improve outcomes. Significant limitations in implementation of iOIS clinically include limited SNR and the occurrence of false-positive results (relative to ECSM). Further studies are required to quantify the sensitivity and specificity of this modality.
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